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The murburn explanation for aerobic respiration was first published at Biomedical Reviews in 2017. Thereafter, via various 
analytical, theoretical and experimental arguments/evidence published in respected portals over the last three years, my group’s 
works had highlighted the untenable nature of the “electron transport chain (ETC)-driven chemiosmotic rotary ATP synthesis 
(CRAS)” explicatory paradigm for aerobic respiration. We have also presented strong evidence and arguments supporting the new 
murburn model of mitochondrial oxidative phosphorylation (mOxPhos). Overlooking the vast majority of our critical dissections, 
CRAS hypothesis is still advocated by some.  Further, queries are posed on the evidence-based murburn explanation without 
any committed effort to understand the new proposals. Herein, I expose the false attributions made to our works, point out the 
general and particular flaws/lacunae in the critical attention murburn model received, revisit/dissect the arguments critique(s) 
floated to support the chemiosmotic proposal, answer the specific queries on murburn explanation and defend/consolidate our 
proposals for mOxPhos. The current scientific discourse is crucial for correcting major historical errors and finding/founding 
new concepts of the powering logic and biophysical chemistry of life. Biomed Rev 2020; 31: 135-148
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The scientists that doubted Peter Mitchell’s untenable ‘che-
miosmosis’ and Paul Boyer’s flawed ‘rotary ATP synthesis’ 
proposals on mitochondrial physiological ATP synthesis lists 
out as the literal “Who’s Who” of mid-20th century biochem-
ists. Mitchell and Boyer are no more and most of their op-
ponents are also buried in the sands of time. Sadly, Mitchell 
and Boyer have left behind a coterie of believers that do not 

seem to budge. It is a sad part of reality that “fait accompli”s 
exist and it is only the tenacious who can muster the courage 
and commitment to wage war against the misplaced efforts 
to maintain an unwarranted status quo. This communication 
mainly presents the rebuttal to PJS’s article in Biophysical 
Chemistry supporting the chemiosmosis hypothesis (1) and his 
queries/critique on the murburn explanation for mitochondrial 

D a n c e  R o u n d WE DANCE ROUND IN A RING AND SUPPOSE,
BUT THE SECRET SITS IN THE MIDDLE AND KNOWS.

ROBERT FROST
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oxidative phosphorylation (mOxPhos) (2-15). Biophysical 
Chemistry has refused me and my collaborators a platform 
to present our rebuttals and surprisingly, continues to provide 
umbrella to the mock ‘mOxPhos wars’, which is ongoing 
with another off-shoot of the Mitchell-Boyer paradigm. The 
murburn proposal was first published in Biomedical Reviews, 
with cover-page credits (15). In the last edition of this journal, 
we had stressed on the importance of seeing things differently 
and cited the matters at stake in the issue (14). Therein, I had 
also pointed out murburn concept’s philosophical impact on 
our understanding of the origin, sustenance and termination 
of life (5). Science is the facts and reason based pursuit of 
seeking out truthful explanations to natural phenomena; and 
I am convinced that the murburn proposal is supported by 
its legion of evidence and arguments. Therefore, dauntless, I 
stand. Starting from a brief overview, I address PJS’s defense 
of chemiosmosis and inputs on the murburn proposal for 
aerobic respiration (point-wise). Finally, presenting a succinct 
summation of the untenable aspects of chemiosmosis and sali-
ent features of murburn concept, I call for a reorientation of 
research perspectives in the community. 

ON THE CRITIQUE’S APPROACH

Although objective pursuits must guide a scientist’s pursuits, 
subjectivity/subjectivism is a reality in human endeavors. I 
point out a couple of aspects on the subjective outlook of my 
critique’s persona. This is not intended to be a personal attack 
but is a necessary ‘evil’, to showcase the mettle and outlook of 
the person who ventures out to undermine our works.

1. Misplaced semantics/logic: PJS’s article is titled- “Che-
miosmotic misunderstandings”, when it should have been 
“Misunderstandings on/about/regarding chemiosmosis”. In 
his article’s highlights section on the journal website, the very 
first point is incorrectly worded as: “Two controversial propos-
als regarding chemiosmosis are reviewed.” The appropriate 
articulation could be- “Two critical perspectives on chemios-
mosis hypothesis are reviewed.” OR/AND “Two alternative 
explanations for oxidative phosphorylation are reviewed.” 
We point out the above two instances to critically display the 
inadequacy of articulation at the apologist’s quarters, which 
leads to even more confusions and frustrations at our ends. 
More importantly, neither have I ever written any ‘proposals 
for chemiosmosis’, nor should our ideas/works be deemed 
‘controversial’. In fact, my works/writings have forthrightly 
challenged chemiosmosis and this is an honorable (not con-

troversial) pursuit in science. Quite simply, we believe that 
scientific discourse is carried out by “the authority of logic, 
not by the logic of authority”. Just because chemiosmosis is 
an acclaimed hypothesis, it does not mean that its explanations 
are accurate. After decades of skeptic study of chemiosmosis, I 
concluded that it was a fundamentally flawed idea. Only then, I 
summoned the guts and wits to expose its untenable nature time 
and again. Scientists must harbor the spirit that hypotheses like 
chemiosmosis cannot avail immunity or impunity to critical 
dissections, and deemed sacrosanct forever. If otherwise, we 
would still have been stuck to a flat firmament, and not roving 
on a globe! (Further, it must also be remembered that Mitchell 
was ‘ruthlessly’ dismissive of his peers’ critical inquisitions. 
So, it is befitting to serve a ‘quid pro quo’ approach to his ideas/
works and that of his followers’ writings. It is unfortunate to 
note that Mitchell’s traditions propagate amongst his followers- 
when Mitchell coined the term chemiosmosis, his followers 
failed to realize the semantic irony that chemiosmosis had 
little to do with chemistry or osmosis (15).)

2. Non-inclusive/non-comprehensive outlook: In the main 
text, coming on to the context of our works, PJS writes:  
“Other criticisms of the possibility of chemiosmosis in aerobic 
respiration have been put forward by Manoj (28–30)]. The 
most important arguments seem to be….” My collaborator 
NM Bazhin is a seasoned biophysical chemist, who had also 
expressed concerns about the chemiosmotic proposal inde-
pendently (16, 17). He subsequently collaborated with me in 
pulling down the Mitchellian ideas and establishing murburn 
concept in bioenergetics realms (4, 18, 19). Several other di-
verse concerns were reflected in the writings/calls for ‘looking 
beyond the strictures of chemiosmosis’; made by reputed and 
independent scientists of the past. To cite a few- Edward Slater, 
pioneer of bioenergetics and Editor of BBA-Bioenergetics, 
the flagstaff journal in the field (20, 21); Robert Williams, 
bio-inorganic chemist (Irving-Williams series) (22); Britton 
Chance, Inventor of stopped-flow enzymology and ‘multisci-
ent’ (23, 24); Gilbert Ling, electrophysiologist and inventor 
of Ling-Gerard microelectrode (25); Walter Wainio (pioneer 
on cytochrome oxidase) (26); and the likes of MJ Nałecz 
(27), JA Berden (28), L Ernster (29), and several others like 
Gregorio Weber, Albert Lehninger, David Green, etc. Some of 
them had staked their credentials to challenge the unrealistic 
constraints posed by the chemiosmotic rotary ATP synthase 
(CRAS) paradigm, even after it was recognized with Nobel 
Prizes in Chemistry (30, 31). Over the decades, there have also 
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been several other attempts to explain the coupling of NADH 
oxidation with ADP phosphorylation (32-34). Scientists did 
not float these alternatives as leisurely artistic expressions, 
but they did because the subject matter was the crux of life 
and the ‘electron transport chain (ETC)-driven chemiosmotic 
rotary ATP synthesis (CRAS) proposal was unsatisfactory. 
Unprejudiced readers can verify the titles and abstracts of the 
stalwarts’ papers cited above and it would vindicate my asser-
tion that I am no wobbly Quixote waging whimsical wars with 
windmills here (ref. Miguel de Cervantes)! I have published 
several original papers on various aspects of the mechanism of 
mOxPhos over the last three years and have two decades’ pub-
lishing credentials in redox biochemistry. Therefore, I cannot 
help but wish that PJS should have explored a bit more, before 
assuring everyone that everything was explained adequately 
in bioenergetics research and a ‘status quo’ needs to be main-
tained, via his maiden manuscript on mOxPhos chemistry.

Further, I see that though PJS’s revised communication 
at Biophysical Chemistry was submitted in June 2020, only 
three of my critical arguments from my brief critique of CRAS 
mechanism at the same journal (9) and one dataset alone from 
our “proof of concept” paper are addressed (13). There is no ef-
fort at PJS’s end to see that we had comprehensively debunked 
the “ETC-driven proton pumps generating a proton motive 
force (pmf; also seen as a trans-membrane potential or TMP), 
which drives rotary ATP synthesis (RAS)” or “ETC-driven 
chemiosmotic rotary ATP synthesis (ETC-CRAS)” paradigm. 
Our effort was commissioned highlighting the multitudes of 
limitations of individual components and the impossibility 
of their coming together as a comprehensive whole ‘working 
machine unit’ (2-5, 7-15). People are entitled to their beliefs but 
considering the comprehensive treatment I have offered on the 
subject with my communications, it would take more than what 
PJS did for anyone to hold on to the ETC-CRAS view now. 
We had presented a comparison of 30 point-wise queries and 
their solutions given by ETC-CRAS and murburn explanations, 
via an exhaustive invited review (4). Furthermore, we had 
consolidated the murburn explanation for aerobic respiration 
by a comparison with the hepatocyte microsomal system (15), 
accounting for thermogenesis (2), cyanide toxicity (7-9), mi-
tochondrial homeostasis (4, 18), explaining overall metabolic 
purviews (3, 6) etc. in diverse journals. This was done using 
works grounded in both theoretical and experimental argu-
ments, from our group and others’ works. Our critical perspec-
tive on chemiosmosis and advocacy of murburn explanation 
encompassed diverse aspects of thermodynamics, kinetics, 

basic reaction logic, structure-function correlations of proteins, 
architecture of mitochondria and distribution of components 
therein, probability/Ockham’s razor, predictability, evolution-
ary principles, etc. Further, murburn concept is an elementary 
mechanistic idea, as evidenced and established over several 
years in heme-flavin enzymes redox catalysis and interac-
tions (35-45). The mitochondrial system is just an expanded/
complex heme/flavin proteins’ reaction milieu and therefore, 
it is only natural that the mechanistic principles hold good in 
this context too. Our mechanistic ideas are also relevant for 
xenobiotic metabolism (46-50) and dose responses (51). We 
have also critiqued the ETC-CRAS based explanations for 
oxygenic photosynthesis and proposed an evidence-based 
murburn hypothesis in lieu (19, 52-55). This is when terms 
like ETC, chemiosmosis, proton motive force, rotary enzymes, 
etc. are ‘surreal’ or ‘mirage’ like concoctions restricted to the 
‘entrenched bioenergetics community’, solely for explaining 
the simple phosphoester/phosphoanhydride bond formation in 
ATP synthesis (14). Therefore, it is ACTUALLY controversial 
that- (i) the proposal and apologists of chemiosmosis got more 
than what was due, (ii) our explanations have not yet been cited 
or addressed or critiqued by even one mainstream mOxPhos 
researcher, and (iii) PJS makes several false attributions to 
our works/writings and disowns facts. The few skeptical/
genuine queries that PJS poses regarding murburn concept 
were already addressed earlier (and are re-explained herein), 
which shows that our works were not read/comprehended 
adequately to gain a holistic appreciation or offer substantial 
critique. Further, PJS’s failure to address the crux or breadth 
of our critique of CRAS explanation indicates that his article 
is a non-exerted outcome of apologetic pursuits. Therefore, I 
don’t patronize PJS’s ideas as “ingenious”, as he did for Sunil 
Nath’s usage of Gauss’s law for critiquing chemiosmosis (1). If 
one takes an idea as ingenious, he/she should be on its side and 
not oppose it. A forthright scientific discourse is conducted by 
openly critiquing each other’s points on which disagreements 
exist, all the while retaining socially constructive outlooks. By 
having a competition between two false beliefs and having the 
real contender pulled out of the ring, the exercise ongoing at 
Biophysical Chemistry serves only the apologists of CRAS. 

POINTS PRESENTED FOR “THE DEFENSE  
OF CHEMIOSMOSIS” (1)

Points ‘a through c’ deals with the issue of the feasibility of 
harnessing proton pumps within the mitochondrial system. I 
had pointed out that the low mitochondrial volume (0.2 μm3) 
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and the dissociation constant of water (~10-14) affords only 
finger-countable (<101, ~6) ‘free protons’ or ‘hydronium ions’ 
within the matrix. Therefore, it was conclusively inferred that 
the miniscule amount of free protons within a mitochondrion 
cannot serve the purported proton-pumping proteins, which run 
to 104 – 105 (4, 12, 13, 15), implying a conservative shortage of 
~106 free protons in physiological mitochondria. The only way 
to overcome this predicament is by a hetero- or homo- lysis of 
matrix water molecules, which requires >79 or >492 kJ/mol 
respectively (18). That alone would not be adequate, as the 
trans-membrane shipping incurs a cost of >20 kJ/mol (imply-
ing a total cost of ~100 kJ/mol for outward trans-membrane 
proton pumping). The Mitchellian calculations show that a 
complete oxidation of NADH and succinate give ~220 and 
~150 kJ/mol respective overall energetic yield (56, 57). Even 
with an impossible efficiency of 100%, the Mitchellian ener-
getics cannot explain the consistently observed high yields 
of ~3.5/~1.9 ATP molecules per NADH/succinate (29, 58), 
even with the later ‘forced consensus’ of 2.5 protons per ATP 
advocated by apologists (59). Further, the ‘proton-recycling 
within a closed mitochondrial pot’ purview does not explain 
the proton deficiency for the chemical reaction of NADH oxi-
dation. This was a charge and mass balancing error that was 
grossly overlooked in the overall schematics (18). Yet, refusing 
to see the obvious and elementary flaws, when PJS says that 
‘water auto-protolysis would afford adequate protons’ and ‘the 
energetics of ETC-CRAS is adequate to support proton-pump 
driven ATP synthesis’, it is just a recalcitrant apologist stick-
ing to false claims. We have already addressed the contexts of 
“proton-hopping or Grotthuss mechanism of proton-pumping”, 
and this is the SAME as the new terminology of “water auto-
protolysis” that he uses. If water column was in continuum 
across the membrane, then there is no directive principle to 
ensure a gradient across the same membrane. The Mitchellian 
apologist’s convenient “proton is here but not here” (proton 
is both in and out of the matrix at the same instant!) percep-
tion was a ‘mirage’ sold to the scientific community and it is 
reiterated that such a perception cannot realistically give a 
trans-membrane proton gradient. Water auto-protolysis can 
only give protons for catalysis within the matrix phase and 
such protons cannot be shipped out without the violation of 
the fundamental laws of conservation of energy. Further, it is 
known that most mitochondria and cells work homeostated 
around the physiological pH (which is around pH 7). If a 
large or small trans-mitochondrial pH gradient existed, it is 
a violation of Mitchellian tenets. Furthermore, there is no 

experimental evidence either that any ‘significant workable’ 
pH gradient exists in real physiology (23, 24). The work-
able pH gradient has only been demonstrated by an external 
provision, between cytoplasm and matrix or matrix/outside 
and not shown in a physiological mitochondrion’s matrix 
and inter-membrane space (IMS). The proton-equilibration 
between IMS and cytoplasm in eukaryotes (or the equilibration 
of periplasmic milieu with external medium for prokaryotes) 
(12) clearly shows that the qualitative idea of “crowding of 
pumped out protons in the IMS” is just a mirage advocated 
by Mitchell (15). We have also explained clearly why we 
observe a higher rate of equilibrium driven ATP synthesis in 
some experimental setups (as exemplified the misunderstood 
Jagendorf experiment, which was erroneously taken by all as a 
support for Mitchell’s proposals) (4, 12, 13, 18). This resulted 
because of a lopsided view of the steady-state chemistry. Very 
importantly, how can the proton-centric explanations explain 
ATP synthesis in alkalophilic bacteria? PJS should read our 
works fully and try to understand our criticisms first, and to 
aid this process, I take extra space in Figure 1 to drive home 
the crucial points, which seems to have escaped the skeptical 
outlooks of scientists. 

The falsities of Mitchellian ideas are exposed already 
through the analysis of both standing and steady-state con-
siderations (12, 15). The flaw in the ETC-CRAS energetics 
calculation becomes even more blatantly evident when one 
sees that the ETC scheme advocates a multi-step single/two 
electron transfer process wherein the energetic window of any 
single ET process at the Complexes like I or III are unviable to 
afford the desired outcomes (4, 12, 13). Therefore, when PJS 
says in this context that- “no sources for the values of protons 
pumped were given” in my article, it is a false attribution. We 
have credited the relevant sources and the calculations of en-
ergy yields at each step can be verified by unbiased individuals. 
Further, PJS says that his calculations show new support for 
Complex-based pumps, but there are none at all that address 
my concerns and he sticks on to the same erroneous equations 
and faulty thermodynamic assumptions. (I shall write more 
about this in a subsequent section.) In contrast, our critical 
analyses have exposed erroneous assumptions (with respect 
to the mechanism of electron transfer and energetic drives) 
in a bevy of heme/flavin redox catalytic systems (35-45, 51), 
hepatocyte microsomal membrane interfacial system involved 
in xenobiotic metabolism (46-50) and also in light-sponsored 
ATP-synthesis in chloroplasts (19, 52-55). 
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Point ‘d’ deals with the arrangement of redox centers in the 
structure of Complex I. For explaining the irregularity that 
redox potentials of the various Fe-S centers are not arranged 
along a desired linear order in the long arm of Complex I, PJS 
uses the Marcus theory terminologies of reorganization energy, 
endergonicity and packing density of atoms, etc. to obfuscate 
the reader. Quite simply, when two redox centers are present 
in a string too far apart and there is an unfavorable gradient 
between them, electron transfer could occur; but this would 
incur heavy energetic costs. The proteins are not sitting there 
as a source for this energy by mere ‘repeated relaxation’ of 
their atoms or structures. However, PJS does not touch upon 
the more serious aspects of why exactly should the Complex I 
have such a protruded matrix-arm that is significantly discon-

nected from the proton-pumping trans-membrane foot, why 
at all should there be so many one-electron centers therein, 
why should some of the redox centers lie outside the electron 
transfer route and why should some redox centers be acces-
sible to solvent and why should the arm have multiple ADP 
binding sites, etc.. This is besides the multitudes of other 
structure-function correlation and mechanistic flaws we had 
highlighted regarding the ETC-CRAS perspective, in that very 
paper (3) and others (4, 13, 15). Clearly, PJS has undertaken 
only a non-committal defense of the ETC-CRAS explanation, 
and such an effort does not serve genuine scientists’ curiosity 
and does not inspire the skeptics to dig deeper. 

Point ‘e’ deals with the reversibility of Complex V mediated 

Figure 1. A comparison of the electrical (top panels) and mechanical (bottom panels) purviews of the unrealistic ETC-CRAS 
proposal with realistic working models. A steady-state working model of electrical system wherein a polarity is maintained across 
a membrane allows only directional flow of positive or negative charges (top-right panel). However, the ETC-CRAS scheme 
seeks a deterministic ‘flow/transfer’ of one or two electrons against gradients and against polarities (top-left panel). Pumps 
work directionally in an open system and the flow can be used to work only in a disconnected phase. For example, protons can 
be pumped (or enter spontaneously) into the IMS phase and they could enter matrix phase via Complex V and such a system 
could be viable in steady-state as long as directional exits also existed (bottom right panel). However, the CRAS proposal 
seeks the recycling of protons within the IMS and matrix phases, working across the very same inner mitochondrial membrane 
(bottom left panel). Clearly, the ETC-CRAS model is a violation of basic notions of workable machine logic. Therefore, the 
electro-mechanical ETC-CRAS model of ATP synthesis is untenable.
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function of ATP synthesis. PJS uses affirmations of faith and 
earlier refuted arguments to restate his belief that Complex V 
can synthesize ATP in physiological steady-state conditions. 
We have repeatedly pointed out why equilibrium driven ATP 
synthesis within the in vitro systems CANNOT be correlated 
to physiological conditions (4, 13) and also explained why 
Complexes I through IV are the real ATP-synthases of physiol-
ogy. The murburn perspective is that Complex V aids ATP syn-
thesis by inletting protons, which help ‘package’ semi-reacted 
intermediates and this attribution is justified by all structural 
and functional awareness known of the Complex multimeric 
protein. If thermodynamics and kinetics have any meaning 
and relevance in explaining reaction chemistry mechanisms, 
PJS should critique our exhaustive demonstrations of how 
equilibrium driven ATP synthesis by the equations that he/
Mitchell/Boyer uses can only give pM to nM levels ATP in 
mitochondria within steady state conditions (4). PJS should 
address the simple predicament- why should Complex V have 
about ten million fold higher affinity for ATP compared to ADP 
and not accord false attribution to our works by saying that 
we have made unsubstantiated claims in this regard. I quote 
verbatim select contents of a section titled “ATP is stabilized 
relative to ADP on surface of F1” from the revered textbook, 
Lehninger: Principles of Biochemistry (Chapter 19, page 709, 
left column, paragraph 3) (56) that many of us have perused 
for long, as professors and professionals of Biochemistry-

“ATP synthase stabilizes ATP relative to ADP+Pi by bind-
ing ATP more tightly, releasing enough energy to counterbal-
ance the cost of making ATP. Careful measurements of the 
binding constants show that FoF1 binds ATP with very high 
affinity (Kd ≤ 10-12 M) and ADP with much lower affinity (Kd 
≈ 10-5 M).” 

By now, it should be evident to any unprejudiced reader 
as to who is making unsubstantiated statements and false at-
tributions here! 

ANSWERING THE QUERIES/INPUTS (1) ON THE MURBURN 
MODEL OF MOXPHOS 

PJS starts off by the false attribution that murburn scheme 
considers ‘mitochondrial ETC’ as a source of diffusible reac-
tive oxygen species (DROS). I have called out against the us-
age of redundant terms such as ETC, proton motive force, etc 
(9, 12, 14). It evades me how PJS does not see that murburn 
explanation deems Complexes I through IV as independent 
agents for harnessing the reactivity of DROS for ATP synthesis, 

and this cannot be seen as an extension or endorsement of the 
erroneous ETC concept. Further, he critiques the protocols 
adopted and results obtained in our preliminary studies (13) 
and dismisses them as artifacts. The discerning reader must 
note that PJS does not cite our subsequent meticulous works 
with HPLC employing elaborate controls, which reproduced 
the results of our earlier studies and extended them to ratify 
the proposals with probes for cyanide inhibition (11). This 
attitude cannot be appreciated or respected. Very importantly, 
PJS is silent on the earlier experimental reports by various 
other pioneering researchers like Cohn/Drysdale (60), Galina 
Mironova (61), Tyszkiewicz/Roux (62), Kathleen Mailer (63), 
etc. that we have cited, which confirm ROS-assisted ATP 
synthesis in mitochondria and chloroplasts. Unfortunately, he 
chooses not to see such works or the myriads of theoretical and 
experimental supports from our own and others’ papers, which 
we have cited to bolster the murburn explanation of mOxPhos 
(2-15, 18). Most importantly, murburn explanation is the only 
standing rationale for cyanide toxicity towards several cellular 
physiologies (7, 8, 43-45). A biochemical mechanism is ratified 
by its potency to explain inhibitions and the murburn theory 
explains the outcomes of mitochondrial toxic principles of 
vitamin A, rotenone, oligomycin, venturicidin, bongkrekate, 
etc. and a bevy of interfacial uncouplers (4, 12) whereas 
Mitchellian proposal falls flat. Therefore, PJS’s brief critical 
attention given to the murburn theory of mOxPhos does not 
afflict any dents on its edifice or citadel. His treatment of our 
arguments on the ‘non-obligatorily required status’ of Com-
plex V in diverse single-celled organisms is addressed in an 
unconvincing manner. The argument that certain facultative 
anaerobic organisms/cells could make ATP via glycolysis and 
recycle nicotinamide nucleotide via fermentation is flaky, as it 
is not relevant for aerobic organisms living at adequate oxygen 
levels, wherein the experiments were conducted. Further, the 
high energy requirements and dynamic ATP turnovers for the 
organisms (we cited) to survive and grow cannot be met with 
the inefficient metabolic schemes PJS quotes. Therefore, our 
argument on the dispensability of Complex V stands. Further-
more, our theory is also bolstered by the COMPLETE absence 
of mitochondrial Complexes I, III & IV (the purported proton 
pumps of Mitchellian theory) in the hypoxic growth condi-
tions of  the newly discovered cnidarian, Henneguya (64). 
The fact that it can synthesize ATP with Complex II & V can 
be explained by murburn concept (18). Even though we have 
already addressed key cynical queries like the ones PJS posed 
on the relevance of murburn concept within the contexts of 
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evolution/divergence of various cellular physiologies (4, 13, 
18), I address the two specific points he raised below. 

1. Why would a membrane-bound system be invariably 
necessary for coupling reduction of the external electron ac-
ceptor to ATP synthesis if only oxygen radicals were needed 
to power ADP phosphorylation?  

We have explained clearly that the reaction must occur 
at the phospholipid interface to enhance the yields, and is 
further enabled by a closure of the microcosm (lowering free 
protons to stabilize radicals) and the multiple one-electron 
redox centers within the membrane-embedded proteins are a 
testament to our theory (2-15). We have already explained such 
facets in the relatively simpler heme proteins, like cytochrome 
P450 mediated catalysis (35-51). For example, we showed 
that incorporation of low amounts of fatty acyl substituted/
functionalized vitamin C diverted the DROS in milieu and 
inhibited the reaction outcomes (a contrast to the negligible 
effects seen with even higher amounts of the soluble vitamin 
C). Vice versa, low amounts of vitamin E inhibited the reaction 
but even higher amounts of its soluble derivative of Trolox did 
not significantly perturb the reaction. Similar outcomes were 
noted by incorporation of soluble DROS modulating enzymes 
vis a vis membrane-lodged DROS modulating enzyme. I don’t 
understand why PJS did not take note of the experiments we 
suggested (4) to ratify the murburn predictions as a challenge. 
These experiments predict a gradual increase in efficiency of 
the DROS-aided ADP phosphorylations in reductionist setups, 
thereby potentially validating the murburn theory. Quite sim-
ply, PJS’s obliviousness is not to our disadvantage, but his. 
Unfortunately, it is he who gets the platform to pervade the 
status quo and we are not permitted to defend our meticulous 
works and meritorious ideas! 

2. If ATP synthesis were performed through the intervention 
of ROS, how could oxidative phosphorylation be performed 
during anaerobic respiration and different growth yields from 
the same nutrient be obtained only by changing the oxidation 
state of the respiratory acceptor? If “murburn” scheme were 
correct, it would imply that those (earliest phototrophic organ-
isms) would have been incapable of converting light energy 
into ATP and therefore their light-sensitive reaction centers 
would only provide excited electrons for the generation of 
NADH/NADPH, requiring those organisms to obtain the ATP 
necessary to fixate CO2 through other means. (The spirit of this 
query resonates in some later sentences on chemo-autotrophs.)

While oxygen-centered radicals and ions feature in aerobic 
systems, other ions/radicals (based in N, S, Fe, etc.) could 
feature in the anaerobic/anoxic systems (4, 18). Also, enzymes 
such as nitrate reductase possess heme and FeS clusters and can 
work in a manner which is analogous to mitochondrial oxygen-
dependent respiration. In this regard, our theory explains the 
higher efficacy, diversity and growth rates of oxygenic meta-
bolic systems. Oxygen has direct equilibrium with water and 
gives CO2 as the primary product, which can be easily voided 
and it also provides a facile homeostatic machine logic (18). 
The one-electron route for synthesis of energy currency goes 
via the simple cycle of “oxygen - superoxide - peroxide - hy-
droxyl radical - hydroxide ion - water”, and it can be easily 
visualized under this view why addition of external protons/
gradients enables enhanced ATP synthesis in physiological 
setups. (Even with pure Complex V, one would expect the 
same outcome as the reactants ADP and Pi would need protons 
at the physiological pH to make ATP and water.) Murburn 
paradigm is consistent with the employment of diverse metal 
centers in various metabolic and physiological routines of 
archaeobacteria, anaerobic micro-organisms and prokaryotes. 
The transition from various inorganic ionic/radical species to 
oxygen-centered ionic/radical species is also chemically con-
sistent with the murburn theory but inconsistent with purely 
affinity-based or structure-based electron transfers. While the 
ETC-CRAS explanation is definitely “irreducibly complex” 
(ref. Michael Behe), murburn theory is a simple and evolvable 
system of molecules, ions and radicals that can be envisaged 
to work spontaneously in heterogeneous or homogeneous 
phases. Since PJS speaks of ‘intellectual parsimony’, I must 
remind him that it is murburn concept that fits the bill, not 
ETC-CRAS. I urge the readers to see Table 1’s point 4 for a 
simple comparison. Therefore, the murburn proposal provides 
a powerful molecular mechanistic scaffold for the evolution 
of metabolism-based powering logic of life. It is currently 
the only theory that explains ow respiratory metabolism is 
connected to thermogenesis/homeostasis and why oxygen 
became the major elixir for life along with the solvent of 
water, and why the phosopholipid membrane became a vital 
cell-component (18). 

ON THE CLAIMS OF NEW CALCULATIONS SUPPORTING 
CHEMIOSMOSIS (1)

We had exposed the falsity of the so-called improved/simpli-
fied Mitchellian equation that PJS quotes in the beginning 
of his paper’s equation 1: Δp = ΔE – (RT/F)logΔpH (1). In 
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literary terms, equation 1 connotes that the net proton mo-
tive force (Δp; usable energy for ATP synthesis) is a sum of 
trans-membrane electrical potential/field (ΔE) and a proton-
concentration gradient term (~0.06 ΔpH). The reader must 
understand that the Mitchellian equation for proton motive 
force has no foundation in reality or in holistic thermodynamic 
accounting because: (i) Outward proton-pumping activity 
from matrix cannot conserve energy on IMS protons and use 
them to work for ATP synthesis using an inward flow across 
the same membrane, back into the same phase. & (ii) Even if 
the energy is conserved, we had showed that for physiological 
conditions that entails a nett Δp of the observed ~0.2 V, a ΔpH 
term of 0.03 V is supposed to generate a 0.17 V equivalent 
of trans-membrane electrical field component (4). This is 
equivalent to a banking statement as follows: I withdrew 30 
dollars from my savings account, and Mitchell Bank’s teller 
blessed the whole transaction with a 200 dollar credit entry 
into my checkings account! For those that did not understand 
this treatment or analogy, I urge once again to read our earlier 
works or/and see Figure 1 and Table 1, so that the fallacies 
and mirages of ETC-CRAS can be understood from simpler 
perspectives.  Even if we accede to Mitchellian proposal, there 
is no way that any electrostatic energy conserved in protons 
or their trans-membrane flow via Complex V can afford ATP 
synthesis via a two-electron reaction scheme. ATP synthesis 
is a simple chemical reaction, not some unseen and unheard 
electromagnetic stunts that only mitochondria and chloroplasts 
can achieve. It is IMPOSSIBLE to accept that the same agent of 
Complex V can act whimsically to both make and break ATP in 
physiology! Further, the CRAS model’s unbalanced equations 
(equations 12,13 of PJS’s paper) are inappropriate to account 
for explaining the coupling of NADH oxidation with steady-
state ATP synthesis within mitochondria (4, 13). Further, there 
is no way equation 1 can couple with the equations 12/13 in 
reality and therefore, there is no real explanation afforded by 
ETC-CRAS. There is nothing called ‘proton motive force 
(pmf)’ outside the realm of bioenergetics and it exists in this 
field only because of faulty assumptions and misplaced obser-
vations taken as experimental supports. Outward pumping of 
non-existing protons by non-existing pumps cannot magically 
conserve energy on the projected IMS protons. Further, there 
is no electro-mechanical way to use the protons for ATP-
synthesis using a cyclic flow across the same membrane. In 
simulated systems, when external proton gradients are given, 
ATP synthesis is facilitated due to an equilibrium-driven 
reaction, which cannot be operative in mitochondrial physi-

ology. Most physiological bioenergetic systems are known 
to work with little pH gradient, whereas Mitchell’s proposal 
originally sought large pH gradients of several units across 
the inner mitochondrial membrane. Accounting for the lack 
of an observable large pH gradient by conveniently adding a 
large electrical term is unjustifiable, as it creates energy from 
nowhere! The mitochondria are proton deficient systems that 
work with oxygen-centered radicals and ions, and the reaction 
needs protons for neutralization, to form O-H bonds. This is 
particularly the case when starting with NADH, as it gives two 
electrons but only one proton. The way life uses this molecule 
is a wonderful thermodynamic feat. Protons contribute a large 

o
aqf 'G∆ of 452 kJ/mol and this was overlooked by all in the 

field. So, when NADH gets oxidized and DROS form and 
they attack ATP+Pi, the formation of O-H bonds in peroxide, 
water, quinols, etc. drive the equilibrium to the right. This is 
the physiological coupling reaction. Even in the simulated 
equilibrium-driven ATP-synthesis by Complex V (ADP + Pi 
+ H+ → ATP + H2O) in vesicles, the reaction would need a 
cytoplasmic proton for effective ester bond formation within 
the closed/aprotic mitochondrial matrix. Therefore, providing a 
proton gradient (as in the famed Jagendorf’s experiment) gives 
enhanced ATP formation, and this has no bearing with any 
‘pmf’. The one-electron route for synthesis of energy currency 
goes via the simple cycle of “oxygen - superoxide - peroxide - 
hydroxyl radical - hydroxide ion – water”, and it can be easily 
visualized under this view why addition of external protons/
gradients enables enhanced ATP synthesis in physiological 
setups. Murburn paradigm is consistent with the employment 
of diverse metal centers in various metabolic and physiological 
routines of archaeobacteria, anaerobic micro-organisms and 
prokaryotes. It is highly unbecoming of any professional to 
disregard the thermodynamic and kinetic arguments/evidence 
we have already presented in this regard. Again: it is the forma-
tion of oxygen-centered radicals/ions and their reactions with 
ADP+Pi that lead to TMP and it is not the TMP which leads to 
ATP-synthesis. We have provided the theoretical basis and the 
experimental evidence for these assertions (2-19). When one 
says TMP drives ATP-synthesis, it is like saying that the cart 
drives the horse! Since both Mitchell-Boyer’s CRAS and Sunil 
Nath’s two-ion torsional ATP synthesis (TITAS) proposals rely 
on the ETC concept and see Complex V as the physiological 
ATP synthase (and deem DROS as toxic wastes), they are very 
similar in key perspectives and differ only marginally (4, 9). 
Therefore, the marginal details are insignificant with respect to 
the bigger picture. The realities above render the major part of 
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PJS’s write-up and his ongoing debate with Sunil Nath at Bio-
physical Chemistry redundant, as it must be seen as a sparring 
between two misplaced perceptions. In this context, I would 

like to apprise the editor/readers that my dissection of Sunil 
Nath’s defense of TITAS and attack on murburn explanation 
is published in Biomolecular Concepts (10). 

No. Criteria The incumbent murburn paradigm The discredited ETC-CRAS model

1 The interactive roles 
of O2 and inhibition 
by cyanide. 

DROS sponsors ADP phosphorylation in vitro and 
in vivo; Complexes I through IV have ADP-binding 
sites and several 1e- redox centers; DROS produced 
is proportional to NADH/succinate and O2 provided; 
explains cyanide toxicity.

Cannot reason multiple 1e- redox centers and 
formation of DROS; fails to explain reaction 
viability/kinetics; incompatible with the 
requirement, mobility and reactivity of O2; 
cannot explain acute toxicity of cyanide. 

2 The relevance of 
pH and the roles of 
protons (H+/H3O+)

mOxPhos is feasible at physiological pH without 
gradients; reasons proton gradient driven equilibrium 
synthesis in vitro and in vivo owing to the large value 
of ΔG of formation of protons (sourced from cytoplasm, 
not IMS); interfacial proton dynamics explains 
uncouplers’ effects. 

The free protons in mitochondrion is <101 
whereas purported proton pumping ETC 
proteins are >105; fails to explain how or why 
supplying a proton gradient gives higher ATP 
synthesis in vitro or in situ; uncouplers’ action is 
inexplicable.

3 The coupling and 
control of reactions, 
non-integral and 
variable reaction 
stoichiometry, 
TMP  and overall 
thermodynamic 
grounding and 
efficiency of reactions, 
etc.

A single pot continuous fed-batch reaction system 
within a proton-limited environment explains TMP 
generation; TMP is proportional to DROS; the equations 
for ATP synthesis are grounded in thermodynamics, 
explaining the yields and efficiency; provides a 
direct chemical coupling logic and thermodynamic 
pull control logic to explain the increase in oxygen 
consumption with presentation of ADP+Pi; stochastic/
statistical scheme explains variability across labs.

A deterministic mechano-electrical stunt of a 
series of 2e reactions with bi-directional and 
simultaneous transport of charges within a 
‘closed pot’ cannot give useful work; fails to 
explain the origin/harnessing of TMP; cannot 
reason the high efficiency or overall variability 
of reaction stoichiometry; fails to provide a 
tangible coupling logic for NADH oxidation and 
oxygen reduction with ADP phosphorylation; 
violates fundamental laws of thermodynamics.

4 What are the minimal 
reaction components 
required? Does 
the mechanism 
qualify for Michael 
Behe’s “irreducible 
complexity”?

A molecule/ion serving as a source of electrons 
(with low redox potential, like NADH or sulfide) + a d 
orbital/π-electronic system to serve as catalyst (like 
heme or flavin or Cu ion) + an acceptor molecule/ion of 
electrons (like O2 or Fe3+) ONLY. All other components 
can be gradually accrued to enhance efficiency of 
yield/rates. High affinity recognitions are not necessary 
to start off with. (These components are also required 
for ETC-CRAS proposal! However, the murburn 
mechanism is not based in any “intelligent gambit 
logic” of using a bait to lure the prey. That is- a proton 
pump based TMP is not used and harnessed to make 
ATP by a catalyst evolved to break it.)

A bevy of electron donor and acceptor 
proteins/molecules embedded in a closed 
phospholipid membrane, which is in turn 
enclosed in yet another membrane + electron 
transfer catalysts working in intricately woven 
deterministic pathways recognizing each other 
with topological affinity + proteins that can 
couple electron transfer to trans-membrane 
proton pumping and TMP generation + ‘high 
concentration of protons in’ to serve proton 
pumps AND the exclusive option of ‘low protons 
in’ for generating TMP + molecular motors 
triggered by protons/TMP, etc. and more…… 
Definitely, irreducibly complex!

5 What is the least 
appealing facet of 
the mechanistic 
proposal?

DROS are considered toxic and wasteful metabolic 
manifestations. They are deemed as agents of chaos 
by the research community. This concern is merely an 
aesthetic perspective.

The same agent of Comp. V makes and breaks 
ATP in mitochondria. For this, either Comp. 
V must have supramolecular intelligence or 
mitochondria must ‘weave magic’. 

6 Is the mechanism 
relevant across other 
redox metabolic 
systems?

Explains reaction kinetics and mechanism of heme/
flavin proteins, reasons fundamental physiologies 
of maverick dose responses, thermogenesis and 
xenobiotic metabolism in the cytoplasmic microsomal 
system, thermogenesis with uncoupling proteins, 
photophosphorylation, etc. Therefore, the reaction 
logic is ubiquitous.

Since TMP is not involved in microsomal 
systems, its mechanistic principles of 
uncoupling are false. Dissipation of TMP 
cannot be a viable reason for thermogenesis 
in normal or adipose tissues. The mechanistic 
terminology is only heard of within the realm of 
bioenergetics.

Table 1. A comparison of the ETC-Chemiosmosis-Rotary ATP synthesis and murburn paradigms for mitochondrial oxidative 
phosphorylation
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SUMMATING THE CURRENT STATUS AND PROJECTING 
THE FATE OF AFFAIRS

We have already presented an overview of the differences 
between the chemiosmotic and murburn paradigms and offered 
comparisons of several specific and holistic perspectives of 
the two models of mOxPhos in our earlier publications (4, 13, 
15). However, for the readers’ immediate convenience, via 
Table 1 & Figure 1, I have presented the key evidence and 
arguments regarding ETC-CRAS and murburn proposals of 
mOxPhos. The definitive comparisons in Table 1 and the visual 
perspectives and comparisons given in Figure 1 should enable 
a discerning reader to decide independently on the meritorious/
competitive option among the two.

When PJS writes (1): “It (chemiomsosis) may eventually be 
found wanting, but parsimony and intellectual humility should 
force us to postpone its replacement to postpone its replace-
ment to a moment when enough shortcomings have been found 
and a novel paradigm which offers as much explanatory power 
is ready”, the confusions and worries among the entrenched 
coterie can be well understood by a discerning individual. For, 
if not for cognitive bias/dissonance, PJS would have registered 
the fact that chemiosmosis is out of the ‘game’ already and 
murburn paradigm is a competitive alternative for further 
explorations in the field. The word ‘chemiosmosis’ itself was 
a semantic misadventure, as this surreal proposal has nothing 
to do with chemistry or osmosis (12, 14, 15). Gauging by the 
extent of corrections made in the original proposal over time, 
it is evident that even the apologists of chemiosmosis did not 
have any idea about it and just kept on changing the cloak as 
flaws were realized. Currently, it sustains in academia merely 
by the consensus among an entrenched lot. I had serious doubts 
against the proposal even as an undergraduate student and as a 
Professor, some of my students also have expressed dissatisfac-
tion with it. I can also affirm that two distinct and unaffiliated 
seasoned authors of leading textbooks on Bioenergetics and 
Photosynthesis have communicated to me their ‘shaky beliefs’ 
in Mitchellian postulates. Mitchell had proposed the proton 
concentration gradient as the driving principle (based on whim, 
or perhaps, saw some analogy with an acid battery) and when 
it was seen that this was grossly inadequate energetically, 
an electrical potential term was added to compensate. Simi-
larly, Paul Boyer had also advocated phosphohistidine as the 
enzyme-linked phosphorylating intermediate, before coming to 
RAS proposal (12, 15). Though not a shred of evidence existed 
to support Mitchell’s or Boyer’s ideas, their ‘fantastic’ ideas 
gained roots only because the murburn reaction chemistry 

logic evaded the frustrated and disoriented researchers. The 
research community in the field had tried and tired, failing to 
explain the fundamental powering logic of life for decades. 
This in turn, was because the misperceptions of the existence 
of an ETC and misattribution of Complex V as the physiologi-
cal ATP synthase carrying out “active-site phosphorylation”. 
The unfortunate experiments of Jagendorf and Racker and 
their misinterpretations only achieved a fait accompi. Today, 
with the option of murburn concept, we need not pay ‘bon 
homie’ to any pied pipers (ref. Robert Browning) as our flocks 
could be led astray.  Continuing the ‘status quo’ would be at 
the expense of the vast majority of our younger researchers 
starting out their careers! What about the professorial guilt of 
teaching one’s students the misplaced tenets of chemiosmo-
sis? It is indeed just a matter of time that teachers would find 
themselves at an utter loss, facing their students’ fundamental 
queries in interactive sessions. As internet-based social media 
allows the facile permeation of information, the realities cannot 
stay bottled for long. There would be enough enthused kids 
around the block to amuse themselves and mock the emperor; 
and professors shouldn’t be swayed by the weavers anymore 
(ref. Hans Christian Anderson). More importantly, what about 
science being the philosophy and practice of pursuit of truth, 
and one that builds on the known and the available? For car-
rying on with chemiosmosis, one must not only jettison the 
most beautiful ideas known- thermodynamics, fundamentals 
of enzyme catalysis, basic awareness on reaction chemistry, 
etc., but also disregard the meticulous and valuable information 
made available by researchers who have worked tirelessly to 
reveal facts on mitochondrial composition/physiology. Further, 
invaluable man-hours, resources and finances are wasted daily 
to uphold the ETC-CRAS paradigm. Clinical data continue to 
be misinterpreted through the defective deflections of chemios-
mosis (14). This is when millions of people continue to suffer 
owing to poorly understood health ailments. By reorienting 
perceptions on DROS within the medical research community 
(6), countless lives can be saved and we could also avail new 
avenues to channelize several ancient traditional practices into 
mainstream scientific understanding (3, 13). 

Via our earlier works, we have comprehensively discredited 
the fundamental assumptions of ETC-CRAS beyond reason-
able doubts and explained the purported evidence/arguments 
for ETC-CRAS with well-grounded quantitative/qualitative 
logic. Therefore, it is imperative that the ETC-CRAS expla-
nation is discontinued and murburn theory is seen as a viable 
alternative. As of now, we know of no data or suppositions 
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that violate the murburn perspective and I believe that if any 
findings so arise, even murburn theory must be discarded. 
Until then, the incumbent murburn theory is poised to offer 
significant insights into several metabolic and physiologi-
cal processes, and provide a profound understanding of life, 
per se. For, the fabric of life is made of molecules and ions. 
Radicals are the long-missed missing links, the dynamic and 
transient matter offering the connectivity for electron trans-
fers and bond formation around/at the lipid interface, thereby 
linking a wide variety of metabolic and electrophysiological 
transduction phenomena. If NO (nitric oxide) could evolve 
to carry out the delicate task of serving as a specific cellular 
messenger, why cannot other radicals serve as agents for life-
sustaining processes? The critical foundations of time-tested 
thermodynamics, kinetics, probability, and Ockham’s razor 
must prevail over traditional aesthetics/consensus and guide us 
in rational pursuits. All natural phenomena in other scientific 
streams are explained by the principles above and terms like 
chemiosmosis and proton motive force are not seen anywhere; 
these cannot be allowed to “stick out as an irreducibly complex 
sore lump”, mocking the principles of evolutionary biology. 
I reckon that scientists the world over should hearken to my 
forthright beckon; and seize the moment and the opportuni-
ties that the situation presents. As of December 2020, I have 
now disseminated several more documents for the scientific 
community, advancing murburn concept’s relevance in vari-
ous life processes: involvement of quinones in bioenergetic 
routines (65, 66)), roles of small redox proteins in mitochondria 
and endoplasmic reticulum (67), thermodynamics/reaction 
chemistry of xenobiotic metabolism, mitochondrial oxidative 
phosphorylation and photophosphorylation (18, 19, 68), the 
modality of light’s interaction with pigments in chloroplasts 
and roles of thylakoid membranes in the process (69, 70), 
cellular redox homeostasis (71), signal transduction and pro-
cessing of signals in the photoreceptive processes at human 
retina (72), etc.  

To conclude, it would have served all if the apologist/cri-
tique had bothered to appraise himself on the chronological 
variations in the ‘consensus’ values of protons pumped by each 
of the mitochondrial respiratory complexes. Then, perhaps, 
he would have seen how the advocates and apologists shifted 
shapes/ideas over the last six decades on the most fundamental 
aspects of the ETC-CRAS proposal. I express deep angst at the 
inadequate care apologists exhibit by making false attributions 
to our works; although I do appreciate anyone’s critical atten-
tion and civil tones used for the discourse. However, we aren’t 

saints and we cannot retain a very pleasant disposition, when 
a critique indulges in subversive misadventures and repeat-
edly writes to Editors of our published manuscripts, making 
false attributions about our works! I would like to caution all 
that science mandates the authority of logic, not the logic of 
authority. Using an establishment to further an entrenched 
perspective with subversive tactics SHALL NOT be achieved 
at the expense of facts, reason and constructive purpose. We 
are in the long haul here, and we are sporting: Love all, let’s 
serve, and bring it on!

I am immensely indebted to editors of Biomedical Reviews 
for publishing this rebuttal (and further inputs in this regard), 
after the editorial leadership and process of Biophysical 
Chemistry did not permit me or my group members to present 
rebuttals to the murburn concept’s criticism at their portal. A 
Supplementary Information file is submitted to Biomedical 
Reviews, representing the visual evidence supporting my 
claim that (i) CRAS proposal has only resulted in ‘failed 
consensus-making exercises’, and (ii) PJS made several false 
attributions against my (group’s) writings. This can also be 
made available to any critical minded reader at the author’s 
website or via email.
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